Results-Increases in absolute lymphocyte counts (ALC) 2 to 8 weeks (P = 0.003) and in percentages of CD4 + and CD8 + T cells 8 to 14 weeks (P = 0.001 and P = 0.02) after the first dose of ipilimumab were correlated with improved survival. These associations did not meet significance criteria, when conservatively adjusted for multiple testing, but were additionally correlated with clinical responses (all P < 0.05). However, validation is required. Increases in all three factors were observed in 36% of patients, who had a favorable outcome and survival probabilities of 93.3% and 63.8% at 12 and 24 months, respectively. A partial or complete response was observed in 71% of these patients compared with only 8% in patients with decreases in ≥1 of the 3 factors, respectively. Changes of regulatory T cells or myeloid-derived suppressor cells were not associated with OS.
Introduction
Treatment with the inhibitory anti-cytotoxic T-lymphocyte associated antigen-4 (CTLA-4) antibody ipilimumab represented a major breakthrough in melanoma therapy and was the first systemic treatment ever that proved to prolong survival in late-stage patients (1, 2) . Despite these encouraging results, objective response rates for treatment with ipilimumab are rather low, whereas many patients are at high risk of potentially severe treatment-related side effects (3) . Administration of ipilimumab blocks CTLA-4 and enhances the antitumor function of T cells (4) . However, the exact mode of action of ipilimumab-mediated tumor rejection remains incompletely understood.
The number of available therapeutic approaches for metastatic melanoma has increased recently (5, 6) . This emphasizes the need for robust biomarkers because predictive biomarkers may affect treatment selection or sequence, if determined before starting treatment. Moreover, biomarkers measured early during treatment or changes comparing later values to the baseline findings can potentially predict side effects or outcome before disease response is otherwise able to be assessed radiographically. These surrogate markers may help to decide whether to continue an ongoing treatment or to change to alternative options early. In addition, specific changes occurring during treatment can improve the understanding of the beneficial mode of action of the applied drug.
Changes to the absolute lymphocyte count (ALC) and frequencies of several immune cell subpopulations have been described during treatment with ipilimumab. These include changes to myeloid-derived suppressor cells (MDSC) and regulatory T cells (Treg; refs. 7-11) which may qualify as surrogate marker candidates for outcome of ipilimumab treatment. Conflicting data exist on the role of ALC in this respect. An increase in ALC has been associated with improved overall survival (OS) and clinical benefit in several studies (12-15). However, differing results have also been reported (16). An increase in absolute eosinophil counts (AEC) has been described to be associated with favorable OS (12) or clinical response (17). MDSCs are strong modifiers of T-cell responses (18), and their frequencies have been inversely associated with OS in melanoma and different other cancer entities (19-21). Lower pre-treatment levels of MDSCs have been associated with tumor responses (7, 9, 17), and a greater decrease in MDSCs after 6 weeks was related to improved progression-free survival (10). Ipilimumab therapy resulted in early decreases of MDSCs and reduced their inhibitory function (8). Tregs constitutively express high amounts of CTLA-4 (22) on their surface, making them direct potential targets of ipilimumab. However, also here, conflicting data have been reported on the dynamic changes in frequencies of circulating Tregs and their impact on outcome under treatment (10, 11).
Other biomarkers have also been implicated in monitoring ipilimumab treatment, including Ki67, a marker for dividing cells the expression of which was found to be increased on CD4 + and CD8 + T cells during and after ipilimumab therapy (23). Similar to Ki67, inducible T-cell costimulator (ICOS) expression on CD4 + T cells has also been described as a pharmacodynamic marker for ipilimumab therapy (24). Patients with an increase in the number of circulating ICOS + T cells at week 7 were more likely to experience disease control and have improved survival (25).
In an earlier study, we had focused on the identification of baseline biomarkers, as analyzed before starting ipilimumab (26). In the present study, we investigated changes in routine blood counts and frequencies of circulating immune populations, including Tregs and MDSCs, in late-stage melanoma patients following treatment with ipilimumab. Our aim was to identify associations of specific changes with clinical response and OS to serve as surrogate biomarker candidates and to better understand the beneficial mode of action of ipilimumab.
Materials and Methods

Patients
Clinical data and peripheral blood mononuclear cells (PBMC) were provided by five clinical centers (Essen, Nantes, Naples, New York, and Tuebingen). Inclusion criteria were stage IV melanoma (no uveal or mucosal melanoma), treatment with at least one dose of ipilimumab at 3 or 10 mg/kg in the metastatic (not adjuvant) setting, and availability of cryopreserved PBMCs before and at one or more time-points after start of ipilimumab. Detailed patient characteristics are presented in Table 1 . All patients gave written informed consent for biobanking, and for use of biomaterials and clinical data for scientific purposes. This study was approved by the Ethics Committee, University of Tuebingen (approval 524/2012B02).
Study design
This was an exploratory analysis of pooled data including patients who received ipilimumab at different treatment backgrounds. All peripheral blood parameters were derived from blood draws taken within 28 days before the first dose (baseline) and at different time-points after initiation of ipilimumab. To allow robust statistical analysis, samples taken after baseline were classified as "early" if taken between 2 and 8 weeks or as "delayed" if taken later than 8 up to 14 weeks after the first dose. An individual early increase or decrease of the respective parameter was defined by any change (independent from its magnitude) comparing the baseline value with that obtained at the early time-point after start of treatment, whereas an individual delayed increase or decrease was defined by comparing the baseline value with the value obtained at the later time-point. Clinical responses were categorized according to the immune-related response criteria (irRC; ref. 27) as either complete response, partial response, stable disease, or progressive disease. Best overall response (bOR) was defined as the best achieved response between starting ipilimumab therapy and progression or starting a new systemic treatment, considering all available tumor assessments within this time period. A clinical response was defined if bOR was complete response or partial response, while clinical benefit additionally included stable disease.
Flow cytometry
PBMCs were isolated using Ficoll/Hypaque density gradient centrifugation, cryopreserved according to institutional standard protocols, and subsequently stored in liquid nitrogen or at −80°C until shipment on dry ice. All samples were kept in liquid nitrogen upon arrival in Tuebingen. PBMCs were analyzed by flow cytometry as described previously (26). Briefly, PBMCs were thawed and immediately analyzed via flow cytometry. F c receptors were blocked with human IgG (Gamunex; Talecris), and dead cells were excluded by ethidium monoazide labeling (EMA, Biotinum). Staining was performed separately for the analysis of myeloid cells/MDSCs and T cells/Tregs. Antibody panels and gating strategies are presented in Supplementary Table S1 and Supplementary Fig. S1 . Data were acquired with a BD LSR-II and FACS-Diva software V6.1.3 (BD). Counts of CD4 + , CD8 + , and CD3 − T cells were calculated based on their proportion among ALC.
Statistical analysis
Follow-up time was defined from the date of the first dose of ipilimumab to the date of last follow-up or death. Survival probabilities were calculated according to the Kaplan-Meier method. Comparisons were done using log rank tests. Cox proportional hazard regression analysis was applied to determine the relative impact of confirmed single factors, which was reported by means of HRs. Patients with missing data in variables analyzed in the given model were excluded. Values of routine blood counts and immune cell frequencies at different time-points were compared using Wilcoxon-matched pairs tests. Associations between bOR and respective biomarker categories were analyzed by χ 2 and Fisher exact tests. P values <0.05 were considered statistically significant. Bonferroni correction was applied separately for the analysis of differences between biomarkers at different time-points and the associations of changes with OS. The factor chosen was 44 (22 markers, 2 timepoints). Thus, raw P values < 0.0011 are considered significant when adjusting for a type 1 error of 0.05. Analyses were carried out using SPSS 22 (IBM) and Prism 5 (GraphPad).
Results
Patients' characteristics
Samples and clinical data of 82 patients were provided by five different clinical centers (Table 1 ). The median age at the start of anti-CTLA-4 therapy was 60 years, and 62.2% were male. The M-category M1a was assigned to 11 (13.4%), M1b to 18 (22.0%), and M1c to 53 patients (64.6%). Lactate dehydrogenase (LDH) levels were normal at the start of ipilimumab in 45 (55.6%), elevated in 36 (44.4%), and unknown in the remaining patient. All but 2 patients received ipilimumab at 3 mg/kg every 3 weeks, either in the early access program (45; 54.9%), after marketing approval as a regular prescription (24; 29.3%), or in trial CA184-128 (11; 13.4%). Sixty-five patients (79.3%) underwent all four cycles of ipilimumab. Seventy-four patients had available data on bOR.
Of these, 20.3% experienced a clinical response and 28.4% were defined as having clinical benefit. Median OS was 8 months after starting ipilimumab for the entire cohort, 31 months for patients alive at the date of last follow-up, and 6 months for those who died. All deaths were melanoma-related. In total, 215 blood samples were provided. Baseline PBMCs were available for all 82 patients, and additional samples at early (2-8 weeks, median 42 days) or later (8-14 weeks, median 77 days) time-points after start of ipilimumab were provided for 73 or 60 patients, respectively. OS was no different for patients investigated for early or delayed changes (P = 0.338) nor in any of three comparisons between patients who subsequently received BRAF/MEK inhibitors, chemotherapy, PD-1 antibodies, or other treatments, compared with patients with other salvage treatments, respectively (all P > 0.100).
Dynamic changes in biomarkers after the start of ipilimumab
Twenty-two factors were investigated (15 immune populations analyzed by flow cytometry and 7 routine blood counts; Table 2 ). Two comparisons were performed separately for each factor to investigate dynamic changes on ipilimumab treatment. Early or delayed changes were analyzed by comparison of baseline levels and the corresponding levels at the early (2-8 weeks) or later (8-14 weeks) time-points after starting treatment. Significant changes (P < 0.05) were observed in 26 of 44 comparisons ( Table 2 ). The following changes remained significant when Bonferroni-adjusted significance level was considered due to multiple testing (P < 0.0011): Changes upon treatment with ipilimumab were most prominent for CD4 + Ki67 + and CD8 + Ki67 + T cells (baseline vs. early and baseline vs. late; P < 0.001) where the majority of patients were found to have increased frequencies after ipilimumab treatment. An early or delayed decrease in CD4 + Ki67 + T cells was observed in only 3 of 50 and 6 of 47 patients, respectively. An early or delayed decrease of CD8 + Ki67 + T cells was also restricted to a minority (8 of 50 and 12 of 47 patients, respectively). Absolute and relative eosinophil counts as well as two phenotypes of Tregs (CD4 + CD127 low CD25 + FoxP3 + and CD4 + CD25 + FoxP3 + ) were increased at the early and the later time-point. Frequencies of proliferating (CD4 + CD127 low CD25 + FoxP3 + CD45 + Ki67 + ) Tregs were significantly increased only at the early time-point. Nonclassical (Lin − CD14 − CD16 + HLA-DR + ) monocytes were decreased at the later time-point only.
Associations of marker changes with OS
Next, we analyzed whether dynamic changes in biomarkers in the individual patient are associated with clinical outcome. For this, we compared OS of patients with an increase (or unchanged values) with those with a decrease of the respective factor. This analysis was separately performed for early (values from blood draw weeks 2-8 compared with baseline values) and delayed (values from blood draw weeks 8-14 compared with baseline values) changes and for all 25 factors (Table 2) . Intriguingly, neither changes in MDSCs nor Tregs were significantly associated with OS (Table 2 ). Of note, by analyzing the biomarker values at a definite time-point (not the relative changes over time), patients with lower than median frequencies of MDSCs or higher than median frequencies of Tregs at baseline, 2 to 8 weeks, and 8 to 14 weeks had higher OS compared with patients with high frequencies of MDSCs or low frequencies of Tregs (Supplementary Table S2 ).
Changes of only five factors significantly correlated with prognosis (P < 0.05; Tables 2 and  3 ). An early increase of absolute leucocyte counts (Fig. 1A) or ALC (Fig. 1B) and delayed increases in AECs (Fig. 1C) and frequencies of CD4 + T cells (Fig. 1D ) or CD8 + T cells (Fig.  1E ) were significantly associated with improved OS. Differences in OS were most significant for changes in ALC and CD4 + T cells. Patients with an early increase in ALC had a median survival of 12 months as compared with 4 months for the others (P = 0.003). The 1-year survival rate was 51.9% for patients with an increase in ALC, but only 13.0% for those where ALC decreased. Similar results were obtained for patients who experienced a delayed increase in frequencies of CD4 + T cells, with a median survival of 14 versus 4 months for the others (P = 0.001). A delayed increase in frequencies of CD8 + T cells indicated the best chance for long-term survival with a 2-year survival rate of 41.4%. In contrast, the 2-year survival rate was only 5.3% for patients with a delayed decrease in CD8 + T cells (Table 3) . When correcting for multiple testing, the associations of the five changes with OS were above the adjusted level of significance (P < 0.0011).
Associations of changes with clinical response
Next, we analyzed the correlation of changes with clinical responses considering those factors which were significantly associated with OS. Note that 29.5% and 36.4% of patients with early increase in ALC experienced a clinical response and clinical benefit, respectively. In contrast, clinical responses and benefit were observed in only 5.0% or 10.0% of patients with an early decrease in ALC. The response and benefit rates were 36.4% (12/33) and 45.5% (15/33), respectively, for patients with delayed increasing frequencies of CD4 + T cells. None of the patients who showed a decrease in CD4 + T cells had a clinical response or benefit. Similar results were also found for patients with delayed increasing frequencies of CD8 + T cells. Their response rate was 45.8% (11/24), and benefit rate was 50.0% (12/24). No such association with tumor response was found for changes in absolute leukocyte counts or AEC (Table 3) .
Further characterization of early changes in ALC
An early increase of ALC was identified here as the only early factor correlating with clinical response and also being associated with OS ( Fig. 1B and Table 3 ). We analyzed the evolution of ALC over time in different outcome groups regarding OS (OS ≤6 months vs. 7-18 months vs. >18 months) and tumor response (Supplementary Fig. S2A-S2C ). Here, ALC analyzed between 2 to 8 weeks did not change compared with baseline levels in patients who died within 6 or 18 months, but were significantly increased in patients surviving >18 months ( Supplementary Fig. S2A ). ALC were only significantly increased in patients with clinical benefit or response (Supplementary Fig. S2B and S2C ), but remained unaltered in the respective complementary subgroups.
Next, we used flow cytometry to further characterize the lymphocyte subpopulations responsible for the increase in ALC and thereby for the favorable outcome. Thus, we calculated counts of CD4 + or CD8 + T cells and CD3 − lymphocytes [the majority of which are likely to be B cells or natural killer (NK) cells]. Within the group of patients with an early increase of ALC, 91.2% of patients had an increase in absolute numbers of CD4 + T cells. An increase of absolute counts of CD8 + T cells or CD3 − cells was observed in 91.2% or 67.7% of patients ( Supplementary Fig. S3A ). A total of 85.3% had increases in both CD4 + and CD8 + T cells, and 52.9% had increase in all three analyzed subpopulations. Patients with increases in CD4 + , CD8 + , or CD3 − counts had a longer survival compared with those without the respective increase, but these values were not statistically significant if each subset was analyzed separately (Supplementary Fig. S3B-S3D ). Thus, all three investigated cellular subpopulations seem to contribute to the early increase in ALC and to the association of the early ALC increase with OS.
Further characterization of delayed changes in CD4 + and CD8 + T cells
Frequencies of CD4 + T cells and CD8 + T cells were the only delayed changes associated with OS and additionally correlated with clinical response/benefit. According to Cox regression analysis, both changes had an independent impact on OS if considered in combination (HR 2.9; P = 0.004 for CD4 + T cells; HR 2.0; P = 0.044 for CD8 + T cells).
Analyzing different outcome groups, frequencies of CD4 + T cells examined in weeks 8 to 14 did not change compared with baseline levels in patients who died within 6 or 18 months, but were found to be significantly increased in patients surviving >18 months ( Supplementary Fig. S2D ). A similar trend was seen for delayed changes in frequencies of CD8 + T cells (P = 0.065; Supplementary Fig. S2G ). Significantly increasing frequencies of CD4 + and CD8 + T cells 8 to 14 weeks after starting treatment were only observed in the subgroup of patients experiencing clinical benefit (Supplementary Fig. S2E and S2H) or clinical responses ( Supplementary Fig. S2F and S2I ), but not in the complementary groups, respectively.
In line with the findings based on the analysis of frequencies, absolute numbers of CD4 + T cells were also found to be increased in a majority of the patients at the later time-point (32 of 48 patients, 66.7%; P = 0.018). In addition, there was a strong trend for an association of increases in absolute counts with improved OS (P = 0.061; Supplementary Fig. S3E ). Patients with a delayed increase in CD8 + counts had a better OS, but despite apparent separation of survival curves, this difference was not statistically significant (P = 0.148; Supplementary Fig. S3F ). No association with prognosis was observed for delayed changes in absolute numbers of CD3 − lymphocytes (P = 0.810; Supplementary Fig. S3G ).
Early increases in ALC in combination with delayed increases of CD4 + and CD8 + T-cell frequencies characterize patients with an excellent outcome
Patients with an early decrease in ALC and/or a delayed decrease of CD4 + T cells (47.7%) had a 1-year survival rate of 9.5%, and the objective response rate was 6%. In contrast, 23 of 44 (52.3%) patients with an early increase in ALC and a delayed increase in CD4 + T cells had a 1-year survival rate of 78.3% and a response rate of 50%. Interestingly, no further deaths were observed among 8 patients of this group after surviving the first 2 years following the first dose (Fig. 2) . In 23 patients with an increase in ALC and CD4 + T cells, OS was markedly different between patients further stratified according to changes in CD8 + T cells (P < 0.001; Supplementary Fig. S4 ). Patients with delayed increases of CD8 + T cells in addition to increases in ALC and CD4 + T cells had a 1-year OS probability of 93.3% and response rates of 71.4% in (Fig. 3A) . In line with those findings, a clinical response was observed in 10 of 14 (71.4%) patients with an increase in all three factors, whereas this was seen in only 2 of 25 (8.0%) patients who showed a decrease in at least one of these three factors, respectively (Fig. 3B ).
Similar associations of ALC, CD4 + , and CD8 + T cells with outcome were observed when separately analyzing 69 patients receiving ipilimumab monotherapy at 3 mg/kg bodyweight, or for the 51 patients with available biomarker data at all three time-points (Supplementary Table S3 ).
Patients with clinical benefit according to the week-12 tumor assessment usually do not receive further active treatment until disease progression. Only 1 of 11 patients with clinical benefit at week 12 and increases in ALC, CD4 + T cells, and CD8 + T cells died during followup. However, 2 of 3 patients with decreases in at least one cell subset died despite showing clinical benefit at the first tumor assessment (Supplementary Fig. S5 ).
Discussion
In this study, we focused on the analysis of changes in circulating immune populations after starting ipilimumab treatment for stage IV melanoma. After accounting for multiple testing, significant dynamic changes were observed for relative eosinophil counts, CD4 + Ki67 + and CD8 + Ki67 + T cells, CD4 + (CD127 low )CD25 + FoxP3 + Tregs, and Lin − CD14 − CD16 + HLA-DR + nonclassical monocytes. As no association with OS was found, none of these changes qualifies as a potential biomarker candidate. Most likely the observed changes are at least partially a consequence of ipilimumab treatment, but due to the uncontrolled design of our study, no definitive explanation can be provided here. In line with our analysis, Wang and colleagues had previously reported increasing frequencies of Ki67 + CD4 + and Ki67 + CD8 + T cells in patients treated with ipilimumab, but these were not correlated with clinical outcome (23). However, decreasing frequencies of Ki67 + CD4 + T cells expressing the transcription factor EOMES at 6 months were significantly associated with relapse in the same study. In our study, we did not analyze EOMES expression.
The lack of correlations between these relative biomarker changes following therapy and outcome does not rule out a potential association of the absolute numbers or frequencies of these cell populations at a certain time-point with prognosis. This is especially true for MDSCs that were proposed as baseline biomarkers for ipilimumab treatment outcome earlier (9, 26). MDSCs have been proposed for their potential predictive (9, 26) but also surrogate (7, 10) function in metastatic melanoma patients receiving ipilimumab. Recently, increasing monocytic MDSCs were found during ipilimumab in nonresponders, whereas responding patients showed a decrease (17). In the current study, we did not find associations between changes of Lin − CD14 + HLA-DR −/low MDSCs and outcome. However, low MDSCs were associated with improved OS at all analyzed time-points, which is in line with earlier findings (9, 26). We did not observe dynamic decreases of granulocytic (Lin − CD14 − CD15 + CD11b + ) MDSCs during ipilimumab as recently reported by Pico de Coaña and colleagues (28). A difference that might explain the divergent findings is that the authors analyzed freshly isolated (not cryopreserved) cells.
Previous studies have reported conflicting results on circulating Tregs in ipilimumab-treated patients. No dynamic changes were observed by Weber and colleagues (29), but decreasing frequencies have been reported in other studies (28, 30). In contrast with these earlier findings, we found a significant increase in all analyzed Treg phenotypes (except the nonproliferating Ki67 − subtype). However, these changes were small and not associated with OS, whereas an association between progression-free survival and an early temporary increase in circulating Tregs after 6 weeks was found by Tarhini and colleagues in the neoadjuvant setting (10). Based on these differing results, the prognostic role of Tregs for patients treated with ipilimumab remains controversial.
An early increase in ALC occurring within 2 to 8 weeks after the first cycle of ipilimumab was associated with best overall response and with improved survival. Even if the association with OS (P = 0.003) failed to reach the significance level when adjusted for multiple testing (P = 0.0011), we do not expect this observation to be a false positive as similar findings have already been reported by other groups (12, 14, 15 ). An absolute increase in ALC of more than 200 cells/μL between the first and second doses was associated with improved survival in a study of Delyon (12). Similar to our analysis, an early increase of ALC in general (14) or by more than 1.35-fold (15) at week 6 compared with baseline was associated with longer OS. However, an increase in ALC was associated with outcome but not specifically predictive for ipilimumab's treatment benefit in improving OS in a retrospective analysis of randomized controlled trial data (31). Thus, the role of ALC as a surrogate marker candidate remains unclear and needs to be further analyzed prospectively in the future.
The increase in ALC was due to increases in all three major lymphocyte subpopulations, namely CD4 + T cells, CD8 + T cells, and CD3 − lymphocytes, and increases in all respective subpopulations showed trends for an association with OS if analyzed separately. Our data suggest that not only the T-cell responses, but also CD3 − lymphocytes, are required for a beneficial mode of action of ipilimumab in the early phase of the treatment. Possible candidates for these CD3 − cells would be B cells and NK cells. Other studies provided evidence that B cells or NK cells are at least partially involved in the beneficial mode of action of ipilimumab. The presence of antibodies targeting NY-ESO-1, a cancer/testis antigen, which is frequently expressed by melanoma cells, has been described in patients with clinical benefit after ipilimumab administration (32, 33). The prognostic impact of NK cells is well known in different types of cancer (34-36). NK cells were associated with tumor regression following the treatment with ipilimumab in pancreatic cancer (37). They were identified as a large population of tumor-infiltrating lymphocytes (TIL) isolated from a regressed lesion (37). Coculture of sorted NK cells isolated from TILs with an autologous tumor line resulted in IFNγ and GM-CSF production (37). In mice, efficacy of ipilimumab and IL2 in combination was dependent on both CD8 + T and NK cells. Codepletion of these subsets (but not either one alone) abrogated the therapeutic effect (38). Ipilimumab has been shown to trigger antibody dependent cellular cytotoxicity (ADCC) of CTLA-4-expressing melanoma cell lines through TNFα release by CD16 + NK cells (39) and can mediate lysis of Tregs via CD16 + nonclassical monocytes (40). B-cell depletion was found to enhance B16 melanoma outgrowth and impaired induction of IFNγ-or TNFα-secreting T cells (41) . Moreover, low levels of baseline and posttreatment tumor-infiltrating CD20 + B cells tended to be associated with worse outcome of melanoma patients receiving ipilimumab (10). Further studies that specifically investigate B cells and NK cells are needed to characterize their potential role in the mode of action of ipilimumab, and as biomarkers.
Increasing frequencies of CD4 + and CD8 + T cells at the later time-point were associated with improved OS (P =0.0014 and P = 0.02). However, both stayed above the adjusted level of significance when multiple testing was accounted for (P < 0.0011). Nevertheless, we consider both as promising biomarker candidates and not as a false-positive associations for the following reasons: First, changes in CD4 + and CD8 + T cells additionally correlated with the rate of clinical response. Second, a marked difference in OS was observed, related to changes in CD8 + T cells in 23 patients with increases in ALC and CD4 + T cells (Supplementary Fig. S4 ). However, the association of delayed increases in CD4 + and CD8 + T cells with improved OS warrants further validation.
To the best of our knowledge, this is the first report describing a direct impact of changes in frequencies of CD4 + and CD8 + T cells on clinical outcome following ipilimumab. Our findings underline its assumed beneficial mode of action, which is the drug-induced boosting of the specific T-cell response (23) either by amplification of preexisting cancerspecific T cells (10, 42) 
or by induction of broader T-cell responses targeting additional antigens (43).
We did not investigate which antigens are targeted by T cells, but increasing evidence indicates that the T-cell response targeting nonsynonymous individual tumor mutations is decisive for clinical responses on ipilimumab treatment (44, 45) . Nevertheless, there are patients who do not experience clinical benefit upon immune-checkpoint blockade despite high individual mutational load. Our results suggest that in addition to the right target, an increase in the quantity of T cells is an important prerequisite for good outcome. The lack of an increase in (melanoma-specific) T cells might explain unresponsiveness upon treatment despite the presence of immunological targets in these patients. Adoptive transfer of autologous T cells after in-vitro expansion or concomitant treatment with nonspecific T-cell growth factors, e.g., IL2, may represent promising therapeutic approaches to increase T-cell quantity in these patients potentially resulting in increased efficacy compared with ipilimumab alone.
Finally, the combination of early increases in ALC followed by delayed increases in CD4 + and CD8 + T cells in the same patient characterizes a favorable rearrangement of the immune system and may reflect a clinically relevant shift from nonspecific to specific immunity. These patients had a clear survival benefit and significantly higher response rates compared with patients showing a decrease in at least one of these three factors. Future studies need to address the important question of whether increases in CD4 + and CD8 + T cells observed after 8 to 14 weeks persist, particularly in long-term responders without active further treatments, and whether these or similar changes in immune-cell subpopulations are likewise clinically relevant for patients treated with PD-1 antibodies alone (46) or in combination with ipilimumab (47).
Our study included 82 patients from 5 clinical sites and 3 different countries, with the intention of minimizing the risk of confounding effects and bias. Nevertheless, further validation in independent patient cohorts is warranted due to the following inherent limitations of our exploratory study: Because we analyzed changes in a broad spectrum of factors to identify potential biomarker candidates, there is an increased risk of observing false-positive associations due to multiple testing. Moreover, patients were heterogeneous regarding their treatment background. Site-specific treatment procedures, patient selection guidelines, or the inclusion/exclusion criteria in the clinical trials may lead to a selection bias. The clinical response assessment was in part performed retrospectively by the respective sites, and scans were not independently reviewed. The biomarker results, particularly regarding MDSCs, might be confounded by the use of cryopreserved PBMCs instead of freshly isolated cells (48) . Thus, confirmatory studies avoiding conventional techniques of cryopreservation are desirable. Finally, it is not clear whether the observed changes are a direct consequence of ipilimumab treatment or rather a generally prognostic phenomenon.
Validation and further investigation is especially warranted because our observations may have implications for patient care in those with tumor response or stable disease in the first tumor assessment approximately 12 weeks after first dose. If all three increases are detectable, a "wait and see" strategy may be justified for patients without clinically significant overt disease progression on scans. In contrast, 3 patients with early decrease in ALC and/or delayed decrease of CD4 + or CD8 + frequencies had a poor OS despite clinical benefit at the time of the tumor assessment at week 12. Further analysis of this aspect is required to investigate if the latter patients benefit from early further treatments after completion of four doses of ipilimumab.
In conclusion, increases in ALC within 2 to 8 weeks and increases in frequencies of CD4 + and CD8 + T cells after 8 to 14 weeks are key changes associated with a favorable outcome following ipilimumab administration. These surrogate marker candidates warrant further validation and characterization. Increases in all three immune cell populations characterize patients with a favorable outcome. Although NK cells and B cells may be involved in the positive mode of action of ipilimumab in the first weeks, increasing frequencies of CD4 + and CD8 + T cells seem to be crucial for clinical benefit in the later phase of treatment. This is in agreement with the assumption that a boosted T-cell response is the basis for substantial long-term control of melanoma after ipilimumab.
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Translational Relevance
An early change in absolute lymphocyte count (ALC) can be easily assessed and represents a surrogate marker candidate for outcome of ipilimumab-treated melanoma patients. After further investigation of a potential predictive impact, its analysis may help to decide whether to continue ipilimumab after two doses or to change early to alternative treatments.
Patients with early increase in ALC followed by delayed increases in CD4 + and CD8 + T cells after ipilimumab had an excellent outcome. After further validation, the assessment of these three changes in combination may facilitate more sophisticated patient counseling at the time of the tumor assessment at week 12. Patients with early decrease in ALC and/or delayed decrease of CD4 + or CD8 + frequencies had a poor prognosis despite evidence of clinical benefit at the time of the tumor assessment at week 12. Prospective studies are needed to determine whether the latter patients benefit from early alternative treatments after completion of ipilimumab. Table 2 Quantitative changes of circulating immune cell populations and their associations with OS Table 3 Changes significantly associated with OS and their correlation with clinical responses Delayed defines changes between baseline and a third time-point, ranging from 8 to 14 weeks after start of ipilimumab.
Best overall tumor response was investigated as either clinical response (complete response or partial response) or benefit (complete response, partial response, or stable disease) defined via irRC.
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